The significance of melanotropic hormones as physiologic regulators of cutaneous pigmentation in humans is still controversial. Until recently, no direct effect for melanotropins could be demonstrated on human melanocytes.
Here we present conclusive evidence that a!-melanotropin (a-melanocyte-stimulating hormone, ai-MSH) and the related hormone corticotropin (adrenocorticotropic hormone, ACTH) stimulate the proliferation and melanogenesis of human melanocytes maintained in culture in a growth medium lacking any AMP inducer. The minimal effective dose of either hormone is 0.1 nM. In time-course experiments, the increase in cell number and tyrosinase activity became evident after one treatment of the melanocytes with 100 nM a-MSH for 48 hr. The mitogenic effect gradually increased to 50-270S% above control, depending on the individual melanocyte strain, with continuous treatment with 100 nM a-MSH for 8 days, whereas the melanogenic effect became maximal (70-450% increase above control) after 4 days oftreatment. Western blot analysis of tyrosinase and the tyrosinase-related proteins TRP-1 and TRP-2 revealed that a-MSH increased the expression of those three melanogenic proteins. This was not accompanied by any change in their mRNA levels after brief (1.5-24 hr) or prolonged (6 days) treatment with 100 nM a-MSH, suggesting that the increased expression of these melanogenic proteins was due to posttranscriptional events. These results demonstrate both mitogenic and melanogenic effects of a-MSH and ACTH on human melanocytes. That both hormones are effective at subnanomolar concentrations, combined with the presence of melanotropin receptors on human melanocytes, strongly suggests that these melanotropins play a physiologic role in regulating human cutaneous pigmentation.
a-Melanotropin (a melanocyte-stimulating hormone, a-MSH) is the physiologic hormone that regulates integumental pigmentation of many vertebrate species. For example, a-MSH induces rapid skin darkening in amphibians and reptiles and stimulates follicular eumelanogenesis in the mouse (1, 2) . In addition to the pigmentary effects, other functions for a-MSH and related melanotropins have been described, such as the antagonistic interaction with interleukin 1 (3, 4) and trophic effects on neurons (5, 6) .
Injection of high doses of melanotropins into human volunteers resulted in skin darkening (7, 8) . Also, the cutaneous hyperpigmentation associated with Addison disease and Cushing disease is thought to be a consequence of hypersecretion of corticotropin (adrenocorticotropic hormone, ACTH) (9) . Injection of a superpotent synthetic a-MSH analog into humans increased skin pigmentation without sun exposure (10) .
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These studies suggest a role for melanotropic hormones in stimulating cutaneous pigmentation in humans.
Several groups of investigators have examined the direct effects of melanotropins on cultured human melanocytes. Some found no response to a-MSH, whereas others noted that a-MSH caused a significant increase in intracellular cAMP, without appreciable stimulation of tyrosinase activity and melanin formation (11) (12) (13) . cAMP inducers, such as cholera toxin, are routinely used in melanocyte growth media. In the presence of these factors human melanocytes fail to respond to melanotropins.
The cloning of the melanocortin receptors, and subsequent receptor binding studies, verified that human melanocytes express one type of melanotropin receptor, MC1 (14) (15) (16) (17) . It was reported that a-MSH, like other cAMP inducers, enhances the proliferation of nevus cells in a dose-dependent manner (18) . Recently it was shown that a-MSH and ACTH are melanogenic but that a-MSH does not affect the proliferation of human melanocytes maintained in a medium devoid of any melanocyte-specific mitogen (19, 20) . Others reported that a-MSH is mitogenic but not melanogenic for these cells (17) . Further, it has been shown that melanotropins are present in the skin (21) .
We now report that a-MSH and ACTH, at physiologic concentrations, are mitogenic as well as melanogenic for cultured normal human melanocytes derived from different skin types. Our results, taken in context of the presence of melanotropins in the skin, strongly suggest a paracrine role of these hormones in regulating human cutaneous pigmentation.
MATERIALS AND METHODS
Melanocyte Culture Conditions. Normal human melanocytes were established in culture from neonatal foreskins or adult skin representing different skin types (22) . The complete growth medium consisted of MCDB 153 supplemented with 5% fetal bovine serum, human transferrin (1 ,jg/ml), insulin (5 ,ug/ml), a-tocopherol (1 ,ug/ml), and the melanocyte mitogens recombinant human basic fibroblast growth factor (bFGF, 0.6 ng/ml), phorbol 12-myristate 13- a-MSH and ACTH, melanocytes were deprived of BPE for 48-72 hr prior to and for the entire duration of experiments. Melanocytes were seeded into six-well plates (surface area per well, 9.6 cm2) at a density of 0.7 x 104 cells per cm2. Forty-eight hours later, the medium was replaced with fresh medium lacking BPE, and the appropriate concentration of melanotropin (0.01-100 nM) was added to each well (triplicate wells per group). Media with appropriate additives were replaced every other day for a total of 6 days. Twenty-four hours after the last treatment, L [ring-3,5-3H]tyrosine (specific activity, 52 ,uCi/mmol; Amersham; 1 ,tCi = 37 kBq) was added to the cultures at a concentration of 2.25 ,uCi/3 ml of medium per well for an additional 24 hr. The medium from each well was then assayed for tyrosine hydroxylase activity by a modification (22) of the charcoal absorption method of Pomerantz (24) , and the melanocytes were harvested and counted with a Coulter Counter. The negative control group consisted of melanocytes maintained in the absence of BPE, and the positive control group consisted of melanocytes maintained in complete growth medium.
For analyzing the kinetics of the effects of a-MSH, neonatal melanocytes were plated and treated with 100 nM a-MSH as described above for 2, 4, 6, or 8 days. Twenty-four hours after each treatment with a-MSH, conditioned medium from the appropriate experimental and control groups was assayed for tyrosine hydroxylase activity and the cell number was determined.
Electron Microscopic Analysis. Neonatal melanocytes, treated with or without 100 nM a-MSH for a total of 6 days in monolayer, were fixed in Karnovsky's fixative for 1 hr at room temperature. For histochemical localization of tyrosinase, fixed melanocytes were incubated with 0.1% 3, 4-dihydroxy-L-phenylalanine (L-dopa) in 0.2 M sodium cacodylate buffer (pH 7.3) twice, for a total of 4 hr at 37°C. Cells were then post fixed in 1% osmium tetroxide in 0.1 M sodium cacodylate (pH 7.3), dehydrated, and embedded in an Epon/Araldite mixture for transmission electron microscopy. Thin sections were stained with uranyl acetate and lead citrate prior to examination with a JEOL 100 CXII electron microscope. Western and Northern Blot Analysis of Tyrosinase, TRP-1 and TRP-2. The levels of three melanogenic proteins, tyrosinase and the tyrosinase-related proteins TRP-1 and TRP-2, were determined by Western blot analysis following treatment with a-MSH, BPE, or cholera toxin and 3-isobutyl-1-methylxanthine (IBMX) for 6 days, by standard methods (22, 25) .
The levels of tyrosinase, TRP-1, and TRP-2 mRNAs were determined by Northern blot analysis following brief treatment (1.5, 3, 6, 9, and 24 hr) or prolonged treatment (6 days) of melanocyte cultures with 100 nM a-MSH (26) .
RESULTS
Human melanocyte strains established from donors with different skin types respond to a-MSH or ACTH with dosedependent increases in proliferation and tyrosine hydroxylase activity (Fig. 1) . The minimal effective dose for either melanotropin is 0.1 nM, and their effects are evident in neonatal, as well as adult (data not shown), melanocytes derived from Caucasian, African American, or Asian Indian skin. Responsiveness of melanocytes to a-MSH or ACTH can be detected only when BPE is removed from the growth medium. Removal of BPE results in a significant reduction in melanocyte proliferation and melanogenesis. We found variation in the extent of mitogenic and melanogenic stimulation with the above two melanotropins among individual melanocyte strains. Maximal increases in proliferation and tyrosine hydroxylase activity ranged between 50% and 250% and between 70% and 500% above control, respectively. In most experiments tyrosine hydroxylase activity reached a maximum following treatment with 1 nM a-MSH.
The above results were obtained following three treatments of melanocytes with melanotropins for a total of 6 days. Studies on the kinetics of induction of the mitogenic and melanogenic effects of a-MSH showed significant stimulation of proliferation and tyrosine hydroxylase activity following one treatment with 100 nM a-MSH for 48 hr (Fig. 2) . The mitogenic effect increased incrementally with continuous treatment with 100 nM a-MSH for up to 8 days, whereas the stimulatory effect on tyrosine hydroxylase activity became maximal after 4 days and did not increase further with prolonged treatment with the hormone.
Further investigation of the mitogenic effect of a-MSH, using flow cytometric analysis, revealed that >50% of control melanocytes deprived of BPE were in G1 phase of the cell cycle and that the addition of a-MSH or BPE for 22 hr increased the percentage of melanocytes in S phase by 2-to 3-fold above control (data not shown).
Treatment with a-MSH or ACTH resulted in marked morphologic alterations of human melanocytes, most evident as increased dendricity (Fig. 3A and B) . These changes were most pronounced in highly melanotic melanocyte strains derived from individuals with skin types 4, 5, or 6. Electron microscopic studies revealed the presence of more melanized melanosomes and more intense dopa-positive reactivity in the trans-Golgi area, coated vesicles, and melanosomes in a-MSH-A C D treated melanocytes compared with untreated, BPE-deprived melanocytes (Fig. 3 C and D) .
Western blot analysis showed that a-MSH also increased the amounts of tyrosinase and tyrosinase-related proteins TRP-1 and TRP-2 (Fig. 4) . These effects are similar to those induced by cholera toxin and IBMX, which concomitantly result in the stimulation of the tyrosine hydroxylase activity, and the expression of tyrosinase, TRP-1, and TRP-2 (27) . Northern blot analysis of these same cells showed that a-MSH did not significantly alter the levels of mRNA transcripts for the above three melanogenic proteins following 6 days of treatment (Fig.  5) , nor was there any effect on transcription at earlier time points (1.5, 3, 6, 9, or 24 hr) of treatment with 100 nM a-MSH (Fig. 6 ).
DISCUSSION
The physiologic role of melanotropins in regulating human cutaneous pigmentation has been the subject of considerable debate. While in vivo studies clearly demonstrated a hyperpigmentary response in individuals injected with melanotropic hormones (7-10), evidence for a direct effect for melanotropins on normal human melanocytes remained lacking. The recent cloning of the melanocortin receptors, and their expression on normal human melanocytes, has rekindled interest in the biological effects of melanotropins on human melanocytes (14) (15) (16) (17) .
Previously, several groups reported that human melanocytes did not respond to melanotropins in vitro (11) (12) (13) . We postulate that the failure of melanocytes to respond to melanotropic hormones in those studies was primarily due to the culture conditions under which the cells were maintained. Previously we were also unable to detect any effect of a-MSH, its potent analog [Nle4,D-Phe7]a-MSH, or ACTH on human melanocytes cultured in the presence of cholera toxin and IBMX (unpublished data). Others have found that even when the latter two agents were removed from the culture medium, melanocytes remained refractory to melanotropin treatment (11) . It is conceivable that treatment with cholera toxin causes permanent intracellular changes, possibly in heterotrimenic guanine nucleotide-binding regulatory proteins (G proteins), (14, 15, 28) . Agents that increase intracellular cAMP enhance the proliferation and melanogenesis of cultured human melanocytes (27, 29, 30) . This current study has demonstrated that removal of BPE drastically decreases, whereas treatment with a-MSH or ACTH significantly increases, melanocyte proliferation and tyrosinase activity ( Figs. 1 and 2 ). Both melanotropic hormones had similar dose-dependent effects on human melanocytes and a minimal effective dose of 0.1 nM (Fig. 1 1 2 3 4 5 6 7 8 9 10 FIG. 6 . Northern blot analysis of mRNA transcripts for tyrosinase and the corresponding glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and for TRP-1, TRP-2, and their corresponding GAPDH after brief treatment of melanocytes with 100 nM a-MSH. Lanes 1, 3, 5, 7, and 9, without BPE; lanes 2, 4, 6, 8, and 10, with a-MSH for 1.5, 3, 6, 9, and 24 hr, respectively. Lanes 11 in the uppermost two panels represent lysates from human keratinocytes, which served as a negative control.
Surprisingly, Hunt et al. (20) reported different dose-dependent responses to a-MSH and ACTH, with biphasic effects for ACTH. Our results seem reasonable, since independent studies on the characterization of the human melanotropin receptor, MC1, have demonstrated that ACTH and a-MSH bind this receptor with similar affinities and have similar dosedependent effects on adenylate cyclase (15) . Hunt et al. (19, 20) have shown that a-MSH and ACTH have melanotropic effects on human melanocytes in culture. However, De Luca et al. (17) reported that a-MSH was mitogenic but not melanogenic for these cells. We have consistently observed mitogenic as well as melanogenic effects of a-MSH and ACTH on human melanocytes maintained in the presence of bFGF and PMA and in the absence of BPE (Fig. 1) . The discrepancy in the results of different laboratories is probably due to differences in the melanocyte growth media. In the medium we routinely use, the synergistic interaction between a-MSH and bFGF and PMA is expected, since human melanocytes require two classes of mitogens for optimal proliferation (27, 29, 30) . One class activates the phosphatidylinositol pathway (e.g., PMA), or a receptor with intrinsic tyrosine kinase activity (e.g., bFGF), and the other activates the adenylate cyclase pathway (e.g., a-MSH, ACTH) (31, 32) . a-MSH potentiates the effect of bFGF on the phosphorylation and activation of the extracellular signal-regulated kinase ERK2 (33) . The mitogenic effect of a-MSH is associated with the recruitment of melanocytes into S phase, as determined by cell cycle analysis. The molecular mechanisms underlying this effect-e.g., activation of specific kinases and early response genes-require further investigation.
We found that a-MSH stimulates melanogenesis by increasing the amounts of tyrosinase, TRP-1, and TRP-2 (Fig. 4) . This effect is similar to that elicited by the concomitant treatment of melanocytes with cholera toxin and IBMX which, like a-MSH, activate the cAMP signal transduction pathway (27) .
The increases in the amounts of tyrosinase, TRP-1, and TRP-2 are due to posttranscriptional modifications, since no significant changes in the levels of the mRNA transcripts for the three melanogenic proteins were observed following a-MSH treatment (Figs. 5 and 6). Our results are in agreement with those of Naeyaert et al. (34) , who found no correlation between tyrosinase mRNA levels and melanin content in control and IBMX-stimulated human melanocytes. The significance of these results is that they describe in detail the direct melanogenic as well as mitogenic responses of human melanocytes to melanotropins and the similarities between the biological effects of a-MSH and ACTH on these cells. Our findings that human melanocytes respond directly to subnanomolar concentrations of these two melanotropins, the presence of MSH receptors on human melanocytes (14) (15) (16) (17) , and the demonstration that melanotropins are present in the skin (21) suggest a physiologic paracrine role for these hormones in regulating human pigmentation. Irradiation of murine melanoma cells with ultraviolet light activates the melanotropin receptor (35, 36) , and mutations in the melanotropin receptor lead to pigmentary changes in several mammalian species (37) . That melanotropins might be involved in the sun-induced melanogenic effects on human skin and that mutations in the melanotropin receptor might be responsible for pigmentary abnormalities in humans are exciting possibilities that are yet to be explored.
